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Cement Penetrability Characteristics in Textile Cement Systems*  
Alva Peled1  
Summary: Cement penetrability is a key factor in multifilament cement compos-
ites. However, the modes of action and the concepts vary because of brittle and 
ductile fibers. In the case of brittle fibers such as glass, high penetrability of ce-
ment products in between the bundle filaments can lead to brittle composite be-
havior, and therefore addition in ductility is required. In order to have efficient 
bundle action and high bonding, fillers can be introduced in between the glass 
filaments, keeping the telescopic mode of failure but at the same time improving 
the bond and stress transfer within the filaments of the bundle, even at late ages, 
resulting in a ductile and high strength composite. On the other hand, ductile fi-
bers such as polypropylene (PP), which also developing low bonding with the 
cement matrix, result in ductile cement composite but with relatively low strength. 
Therefore, in this case good penetrability of the cement in between the filaments 
of the bundle is essential in order to maximize the reinforcing efficiency of the 
bundle by improving bond. The penetrability of the matrix into a fabric structure 
and especially in between the bundle filaments made up the fabric is a result of fi-
ber-matrix compatibility, which depends on: level of opening and spaces between 
the filaments, bundle surface properties including wetting and chemical affinity to 
the cement matrix, matrix viscosity, processing of the composite, and the nature of 
the fabric junctions and the resulting tightening effects of the bundle, i.e., influ-
enced by the  fabric structure itself.  
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1 Introduction 
In recent years there has been a considerable drive to develop high performance fiber rein-
forced cements [1-4]. They can be made of a wide range of fibers assembled into technical 
fabrics, which can be tailored to produce high performance cementitious composites, with 
controlled two and tri-dimensional geometry. Most fibers for textile applications are in the 
form of multifilament bundles. The use of multifilament reinforcement for cements has nu-
merous advantages; however, there is a characteristic which is the result of the particulate 
nature of the cementitious matrix and the multifilament nature of the reinforcement: the ce-
ment particles can not fully penetrate in between the filaments in the strand. As a result the 
reinforcing unit is not a single fiber completely embedded in a matrix (which is the case in 
polymer matrix composites), but rather a multifilament strand surrounded by a particulate 
matrix. This results in a reinforcing unit in which the external filaments (sleeve filaments) are 
in direct contact with hydration products of the cement matrix and therefore are well bonded 
to the matrix, whereas the internal filaments (core filaments) are relatively free [4]. This leads 
to telescopic modes of failures, where the outer filaments are fractured during loading where 
as the inner filaments pulled out during loading.  
In some cases like brittle fibers, such as glass, this telescopic mode of failure can improve 
composite ductility and therefore is desirable [5,6]. However in other cases like polypropyl-
ene (PP) or polyethylene (PE) fibers which are ductile and developing low bonding with the 
cement matrix, these issues can pose considerable difficulties and limitations for maximizing 
the efficiency of the reinforcement, leading to poor composite behavior [4]. This means that 
the concept of cement penetrability is different for brittle and ductile fibers, and it is a key 
factor in multifilament cement composites.  
The current paper summarizes ways to control cement penetrability and their effects on tex-
tile reinforced cement systems made of multifilament reinforcement. The regarded ap-
proaches comprise brittle and ductile fibers; examples for differences in behavior are 
discussed in the following. 
2 PP bundle 
It is well known that the bond between PP fibers and cement is relatively low due to the hy-
drophobic nature of the fiber opposed to the hydrophilic nature of the matrix, i.e., their 
chemical affinity is poor [4]. Therefore, it is important to improve the bond between PP fi-
bers and cement matrix in order to achieve high composite performance. This is particularly 
important when dealing with multifilament reinforcement as the penetrability of the cement 
in between the filaments of the bundle is limited and only filaments near the bundle perimeter 
are in direct contact with the cement matrix, i.e., bonding with the matrix. This results in low 
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bond strengths. Fig. 1 clearly shows this behavior, the average shear bond strength of several 
PP bundles is seen along with observations by optical microscope on specimen cross-sections 
(all with a cement paste matrix of 0.4 water cement ratios) [7]. Difference in the bond proper-
ties of the different PP specimens is clearly observed, depending on bundle opening and the 
resulting cement penetrability. The more compact and dense is the bundle the lower is ce-
ment penetrability and the average bond strength. These results clearly show good correlation 
between the embedded bundle microstructure and bond strength values, cement penetrability 
is a controlling factor in these types of fiber. 
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Fig. 1: Average bond strength correlated with optical microscopy of several PP bundles  
 
2.1 Surface Treatment 
The above trends clearly demonstrate the importance of as many as possible filaments to be 
in direct contact with the cement matrix to improve the bond of the cement-PP system. For 
that purpose, the PP bundle surface was treated by detergent, Triton X100. This treatment 
aims to change the surface properties of the PP fiber and to help the fiber-matrix affinity. The 
improved bonding properties of the treated PP fiber compared to non-treated fiber are clear in 
Figure 2, which shows the pullout responses of these systems [7]. The maximum pullout load 
of the treated bundle is almost two times that of a non-treated bundle. Average bond strengths 
of 1.3 MPa and 4.8 MPa were calculated for the non-treated and treated bundles, respec-
tively. The increase in the average bond strength is about three fold for the treated bundle in 
comparison to the non-treated bundle.  
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Fig. 2: Pullout behavior of treated and non-treated PP bundles (w/c=0.4) 
The improvement in bonding by the surface treatment can be explained based on microstruc-
ture of these systems (observed under Scanning Electron Microscope, SEM,). The surface 
treatment of the bundle by the non-ionic detergent improves cement penetrability between the 
filaments bundle (Figure 3a). Much poorer cement penetrability is observed for the non-
treated PP bundle system (Figure 3b). The increased cement penetration results in better con-
tact of the inner filaments with the hydration products, providing greater bond strength. The 
treatment of bundle surface changes the surface properties of the PP filament including its 
wetting properties, improving the chemical affinity between the hydrophobic PP fiber and the 
hydrophilic cement matrix, which in turn can result in an increase in bond strength. 
 
(a) treated with detergent 
 
(b) non-treated, w/c=0.4 
 
 
Fig. 3: SEM micrographs of PP bundle embedded in cement matrix, view of bundle cross section 
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2.2 Cement Matrix 
Another way to improve cement penetrability into the PP bundle filaments is due to changing 
the viscosity of the cement matrix itself. In this work the effect of water cement ratios on the 
average bond strength of the PP bundle was studied [7]. The bond strengths, based on pullout 
results, of PP bundle impregnated in cement matrices with different water cement ratios are 
presented in Figure 4a. Reduction in bond strength is observed when increasing the water 
cement ratio from 0.3 to 0.4, as expected. Lower water content means a denser and stronger 
matrix which is expected to develop a more compact and stronger bond. The situation is quite 
different when comparing the bond of matrices with 0.4 and 0.5 water cement ratios. Here, 
the bond is improved when the quantity of water in the matrix is increased, i.e., the matrix 
with increased porosity developed higher bond strength. The bond strength of the 0.5 water 
cement ratio is even slightly greater than that of the 0.3 water cement ratio. This trend is for 
the PP bundle systems. However, when comparing the bond strength of single filaments 
(separated from the bundle) with matrices of 0.5 and 0.4 water cement ratios no advantage 
for the higher water matrix content has been observed; the bond strengths are similar (Figure 
4b, [7]). Note that here, with the individual filament, the cement is compacted around the 
fiber and there is no penetrability problem as with the bundle system. Therefore, the im-
proved bonding of the 0.5 matrix with the PP bundle can be accounted for by the nature of 
the reinforcement, made from several hundreds of filaments. At high water content (0.5), the 
fresh cement paste is more fluid than the low water content matrix (0.4). Due to the improved 
fluidity, the fresh cement paste more easily penetrates between the filaments of the bundle. 
Good penetration of the cement hydrates leads to that more filaments of the bundle are in 
direct contact with the cement matrix, thus providing improved bond strengths of the 0.5 wa-
ter cement ratio bundle system. 
Moreover, the average pullout force of the PP single filament was about 0.4 N and there are 
158 filaments in one strand. Assuming that all the filaments are in direct contact with the 
cement matrix, and by knowing the number of filaments in one strand, it is possible to calcu-
late the expected force required to pull out the whole embedded bundle from the cement ma-
trix. Based on that calculation, the maximum expected pullout force of the whole bundle is 
63 N. However, the maximum measured force of the bundle during pullout tests is much 
lower, about 6 N for an embedded length of 3 mm. The measured pullout force is approxi-
mately tenth part of the calculated force. Such a reduction in the measured force can be the 
result of poor penetration of the cement between the filaments of the bundle, where only few 
external filaments of the bundle are in direct contact with the cement matrix and the forces 
are mainly governed by the friction of the inner filaments with their neighbor filaments. 
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(a) PP bundles (L=10mm), non-treated  (b)  single PP filament (non-treated) 
Fig. 4: Influence of w/c ratio on average bond strength 
 
2.3 Processing 
Improvement of cement penetrability into the PP bundle filaments can also be done by push-
ing the matrix into the spaces of the bundle with external forces. Such pushing method of the 
matrix in between the filaments can be performed by the pultrusion process [8-9]. This 
method improves the penetrability of the cement matrix into the fabric and the filaments of 
the bundles, by squeezing the cement particles into the fabric. Figure 5a presents pullout be-
havior of PP bundles and cement matrix with 0.4 water cement ratio produced by the pultru-
sion process and by the conventional casting. In the pultruded specimen the PP bundle 
(fabric) was first impregnated in the cement bath using the pultrusion process; then the im-
pregnated bundle (fabric) was embedded in the cement matrix. Where as in the cast system, 
clean bundle (fabric) without cement, was embedded in the cement matrix [9]. It can be seen 
that the pultruded system acts much better than the cast system. The improvement in bond 
strengths of the pultruded PP specimen is about two times as that of the cast specimen. SEM 
micrographs clearly explain this behavior (Figure 6). When using the pultrusion method, i.e., 
impregnating the PP bundle with in the cement matrix at its fresh stage, the penetration of the 
cement matrix in between the filaments of the bundle is improved (Figure 6a). The impregna-
tion process by the pultrusion method helps to fill the spaces between the filaments of the 
bundle with the matrix, leading to improved bonding. This is opposed to poor penetrability of 
the matrix in the case of the composite produced by the cast method (Figure 6b).  
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(a) pullout response         (b)  tensile response along with 
crack spacing           
(c) tensile response along with 
crack width           
Fig. 5: Cement composites with PP bundle (fabric) made by the pultrusion and cast methods 
The improved bonding leads to the superior mechanical performance of the composite rein-
forced with these pultruded PP bundles as displayed in Figure 5b. This figure presents the 
tensile behavior of composites prepared by the pultrusion and cast methods [8]. The perform-
ance by the pultrusion process is improved in both, strength and toughness. Also the spacing 
between the cracks is observed in the figure vs. the strain along with the tensile responses, for 
cast and pultrusion composites. The crack spacing is much denser in the case of the pultruded 
composite, indicating again improved bonding in this case. Denser crack pattern means better 
stress transfer, i.e., better bond strength in the case of the pultruded composite. Also the crack 
width is smaller in the case of the pultruded composite (Figure 5c, the dots in the figure), 
emphasizing the efficient stress transfer and good bonding of this system [8].  
(a) pultruded (b) casting 
Fig. 6: Influence of processing - SEM observations of PP fabric composites  
This improved penetrability by the pultrusion process lead to such high performance of the 
composite that it can compete with the tensile performance of glass fabric composite [Figure 
7]. The pultruded PP performed even better than the glass fiber composite in both strength 
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and toughness. Note that the glass bundle was coated with sizing so no penetrability of the 
matrix is possible.    
 
Fig. 7: Tensile response of cement composites with different fabrics 
 
2.4 Fabric Structure 
The matrix penetrability is also highly influenced by the fabric structure. Due to the particu-
late nature of the cement matrix, when the fabric is composed from multifilament yarns 
(bundles), the potential penetrability of the cement particles into the bundle spaces is lower 
than that of a single bundle (not in a fabric form). This is due to tightening effects induced by 
the junction points of the fabric, which strongly hold the filaments of the bundle and prevents 
them from being opened. In this study the tensile behaviour of cement composites made with 
HDPE knit fabric was studied, exploring the influences of fabric structure made of two dif-
ferent loop sizes: 2mm and 4mm (yarn tex was 138) [10]. The different loop size can change 
the tightening effects at the fabric junctions and the resulting cement penetrability as well as 
the overall behaviour of the fabric itself.  
The behavior of the fabrics themselves (not embedded in cement) with the different loop size 
is presented in Figure 8a. The figure clearly shows that the low loop size fabric performed 
better than the larger loop size fabric. This is due to a stronger yarn connecting of the smaller 
loop size fabric. However, when these fabrics are used to reinforce the cement matrix, the 
situation is completely different. Greater strength is observed for the composite made with 
the longer 4 mm loop size fabric than that made with the small 2 mm loop size, mainly at 
large strains (Figure 8b]. This difference in behavior is due to differences in matrix penetra-
bility in between the reinforcing filaments of the bundle. The fabric with the longer loop size, 
of 4 mm exhibits deeper and better cement penetrability (Figure 9b); thereby improving 
overall fabric-cement matrix behavior. Accordingly, for fabrics with small loop sizes of 2 
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mm, the stitches are relatively dens and small, therefore strongly tighten the filaments in the 
bundle and the cement matrix can not penetrate as deeply into the bundle between the fila-
ments (relative to the 4 mm loop, Figure 9a), resulting in lower composite behavior.  
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Fig. 8: Comparison of tensile behavior of HDPE fabrics made with different loop size 
Based on the above discussion it can be concluded that the fabric structure highly influence 
composite performance, controlled by the ability of the cement to penetrate in between the 
bundle filaments.  
 
 
(a) 2 mm loop size (b) 4 mm loop size 
Fig. 9:  Influence of loop size on cement penetrability between the filaments of the reinforcing yarns 
It can be summarized that in the case of hydrophobic PP bundle a good penetrability of the 
cement in between the filaments of the bundle is essential in order to achieve good bonding 
and the resulting high composite performance.  
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3 Glass Fibers 
When dealing with brittle glass bundles the situation is quite different. Figure 10a shows the 
tensile behavior of AR glass fabrics, made from bundles (without coating or sizing) at two 
different curing conditions, normal curing for 28 days at room temperature (unaged, 7 days at 
100 % relative humidity) and accelerated curing, additional curing for 21 days at hot bath at 
50 °C (aged) [11]. It can be clearly seen that aging leads to embrittleness of composite behav-
ior; the composite is significantly more brittle after it was exposed to accelerated aging. This 
is due to penetrability of the matrix hydrates over time in between the filament of the bundle, 
as observed in Figure10b. Large empty spaces are seen between the filaments of the un-aged 
bundle and the filament surface is relatively smooth and clean (without cement products). 
However, for the aged system the fiber is completely covered with a layer of dense hydration 
products that also fill the gaps between neighbor filaments. The improved penetrability by 
deposition of hydration products in between the filaments over time changed the nature of 
bonding, i.e., increased bond (as with the PP bundle), as more inner filaments are in direct 
contact with the cement matrix. On the other hand, the ratio between the core and the sleeve 
filaments within the bundle is also changed, reducing the telescopic mode of failures, when 
more filaments are fractured rather than pulled out. This result in the reduction of composite 
ductility observed here. Moreover, it should be noted that glass fibers are sensitive to the al-
kali environment of the cement matrix, which can reduce fiber performance over time and 
leads to reduction of composite strength. This behavior is more pronounced when a larger 
amount of filaments is in direct contact with the cement matrix, e.g., after late aging when 
deposition of cement products at the inner filaments takes place.    
0 1 2 3 4
Strain [%]
0
3
6
9
12
15
Te
ns
ile
 S
tre
ss
, M
Pa
10
100
C
ra
ck
 S
pa
ci
ng
, m
m
Aged 
Un-aged
 
(a) tensile response and crack spacing (b) microstructure 
Fig. 10: Reference composite of AR glass at different aging  
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These results clearly show that in the case of AR glass bundle telescopic mode of failure is a 
favorable mechanism, as the sliding mode of the inner filaments during the telescopic failure 
induces high ductility to the composite. This is highly important when brittle fibers are used 
such as glass. Therefore, improvement in cement penetrability and reduction in the telescopic 
mode of failure is a negative behavior rather then positive with glass bundle reinforcement. 
However, it should be remembered that low cement penetrability, i.e., low bonding can pose 
considerable difficulties and limitations for maximizing the efficiency of the whole bundle, 
leading to relatively poor composite behavior. For getting high composite performances there 
is a need to ensure an efficient composite action by transfer of the forces from the matrix to 
the bundle filaments. Stress transfer between those two components is dependent on the bond 
developed between them, as the bond increases the transfer of stresses improves. 
Therefore, when dealing with brittle fibers, such as glass on one hand, there is a need to 
achieve maximum first crack stress and ductility by telescopic mode of failure. But at the 
same time there is a need to ensure an efficient stress transfer between the filaments and ma-
trix to guaranty good composite action. It is important to maintain those desired interfacial 
properties during time, in order to achieve good durability.  
These goals can be achieved by absorbing sub-micron particles into the spaces between the 
filaments of the glass strand prior to incorporation in the matrix. In this study [11], two 
groups of fillers were used: (i) pozzolanic fillers (silica fume) with two different particle 
sizes, 50 nm and 200 nm and; (ii) polymeric fillers (polystyrene-based polymers), with two 
glass transition temperatures (Tg), -6 0C and 100 0C. Details about the fillers are provided in 
Table 1. Composites were prepared using fabric reinforcements and were tested under ten-
sion. For comparison, specimens after accelerated aging (21 days in 50 °C hot bath) were 
also tested as well as composites without fillers made with "clean" fabrics [11]. 
 
Table 1: Filler types and their properties 
Material 
initials  
Type of filler Material manufac-
ture 
Average particle 
size [nm] 
Glass transition 
temperature [0C]   
SFS Silica Fume Small Cembeinder 8 of 
Eka Chemicals AB 
50 n/a 
SFL Silica Fume Large Elkem Microsilica 
Grade 500S of 
200 n/a 
PSP PolyStyrene Parti-
cle form
'Styrofan® 2D' 200 100 
SAF Styrene Acrylic 
Film forming 
'Acronal® S400' 200 -6 
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The tensile behavior of the different systems with the various filler treatments is presented in 
Figure 11a. All the filler treated composites show improved strain capacity compared with 
the reference composite (without filler). Two of the filler systems show also improvement in 
tensile strength compared with the reference composite: the SFL composite (filling with the 
large size silica fume) and the PSP system (filling with polymer particles not forming a film). 
The SAF composite exhibits the lowest tensile behavior, even below the reference. This may 
be indicative of the weakening effect of the film. 
The energy absorbed and the bond strength values calculated using the ACK model are pre-
sented in Figure 11b, for all systems. The figure clearly shows that the energy absorbed dur-
ing tensile loading is highly influenced by the fillers, with all the filler systems, except the 
SAF system, exhibiting enhanced energy absorption compared to reference system. The bond 
values correlate well with these trends. The particulate fillers well penetrate in between the 
filaments of the bundle, including the inner filaments, as observed in Fig.12a. The fillers are 
sitting in between the gaps of the filaments and around the filament surface. This leads to the 
improved bonding and better stress transfer within the roving, maximizing the reinforcement 
efficiency of the whole bundle. However, due to the particulate nature of these fillers the in-
ner filaments can still slide during loading (by rolling effect), but at this time against stiff 
particles (silica fume). This enables keeping the telescopic mode of behavior and the result-
ing high ductility as well as providing high friction forces which generate high strength. 
These parallel actions provide efficient behavior and high composite performance. The re-
sults suggest that the impregnation of the multifilament reinforcement with particulate mate-
rial improves the bond and the overall mechanical performance, with the higher modulus 
particles (silica fume versus PSP polymer) being more effective. Film forming polymer parti-
cles which lead to the formation of a film around the whole bundle (Figure12b) reduce the 
bond but enhance the ductility.  
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(a) tensile response and crack spacing (b) microstructure 
Fig. 11: Tensile properties of composites with the various fillers treatments, unaged 
 
 
(a) SFL (b) SAF 
Fig. 12: Microstructure of composites with the SFL and SAF fillers treatments, un-aged 
 
When these particles fill the bundle spaces, they also limit the deposition of cement products 
in between the bundle filaments over time, resulting in high performance also after aging 
(Fig.13). This favorable effect by the fillers is mainly when stiff particle are being used such 
as silica fume with relatively large size (SFL). A drastic reduction in composite properties 
after accelerated aging was observed in the reference as well as with the non-film forming 
polymer (PSP) systems. The stiff and large particle size of the silica fume filler may better 
interlock within the bundle and can not easily pushed away by active cement products, thus 
providing improved durability for GFRC components. It should be noted that the film form-
ing treatment, SAF, showed a favorable retention of properties during aging, but its initial 
properties were not as good as the other treated and reference systems.  
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Fig. 13:  Comparison of tensile proprties of composites with the various filler treatments prior and 
after accelerated curing 
4 Summery and Conclusions 
• The particulate nature of the matrix and the multifilament nature of the reinforcement 
results in a unique bonding mechanism between of them, a telescopic mode of failure; 
where the outer filaments are fractured while the inner filaments are pulled out during 
loading, thus inducing high ductility. Therefore, cement penetrability is a key factor in 
multifilament cement composites. However, the roles of influence and concepts vary be-
tween brittle and ductile fibers. 
• In the case of brittle fibers such as glass, high penetrability of cement products in be-
tween the bundle filaments can lead to brittle composite behavior, as more filaments are 
fractured rather then pulled out with in the bundle, i.e., it can change the mode of failure 
from telescopic pullout to fiber fracture. In this case addition of ductility is required to 
improve composite performance by keeping the telescopic mode of behavior. In order to 
have efficient bundle action and high bonding, fillers can be introduced in between the 
filaments, keeping the telescopic mode of failure but at the same time improving the 
bond and stress transfer within the filaments of the bundle, even at late ages, resulting in 
ductile and high strength composite.  
• The glass bundle composite properties can be controlled by addition of fillers into the 
fabric yarns; the magnitude and efficiency of the modification is highly dependent on the 
filler. The best performance with respect to initial properties and the retention of strength 
and energy after aging was obtained with the large and stiff particle filler, the SFL sys-
tem (large silica fume). Favorable retention of properties upon aging was also obtained 
by the film forming polymer, SAF system, but the initial properties were lower. Obvi-
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ously, the soft nature of the film has an impact on these characteristics, probably lower-
ing the effective bond, but preserving it upon aging. 
• Ductile fibers such as PP, which also developing low bonding with the cement matrix, 
result in ductile cement composite but with relatively low strength. Therefore, in this 
case good penetrability of the cement in between the filaments of the bundle is essential 
in order to maximize the reinforcing efficiency of the bundle by improving bond, and the 
resulting composite performance.  
• The penetrability of the matrix into fabric structure and especially in between the bundle 
filaments made up the fabric is a result of fiber-matrix compatibility, which depending 
upon several parameters: level of opening and spaces between the filaments, bundle sur-
face properties including wetting and chemical affinity to the cement matrix, matrix vis-
cosity, processing of the composite, and the nature of the fabric junctions and the 
resulting tightening effects of the bundle, i.e., the influence of fabric structure.  
• Due to the significant effect induced by cement penetrability the correlation between fab-
ric strength and cement composite properties is not necessarily straightforward. The 
properties of the cement composite are influenced mostly by the ability of the cement to 
penetrate in between the fabric opening and the filaments of the bundle made the fabric, 
which mainly depends upon fabric geometry and much less on fabric strength.  
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